Abstract: Thaumetopoea pityocampa, the winter pine processionary moth, is one of the most important pests of pine trees in the Mediterranean region. To learn more about the refugial areas within the greater refugium of Greece, samples from 15 local populations were collected. Analysis of the Cytochrome Oxidase I region identified 15 haplotypes. One strongly supported clade was found, separating the Aegean island of Lesvos from the mainland populations. Mdiv analysis showed that this clade diverged from the general clade 155,000 y.a., suggesting the sea level changes during the Quaternary Period as a possible reason for its seclusion. Additionally, comparisons with similar studies in this region revealed a possible colonization of the eastern Aegean islands from the Turkish mainland rather than from Greece. However, no strong isolation-by-distance events were detected among the mainland populations, which could be attributed to the joint effect of regular gene flow and the lack of insurmountable geographic barriers. Finally, regarding population structure, Bayesian analysis as well as neutrality tests pointed towards an ongoing population expansion which verifies the potential invasiveness of this pest species, something that will have to be dealt with under the influence of climate change.
Introduction
The winter pine processionary moth (Thaumetopoea pityocampa) (Denis & Schiffermüller) is a member of the family Notodontidae [1] . Its natural geographic distribution is limited by its need for specific sunlight conditions as well as specific temperatures throughout the year. These are met by the climate around the Mediterranean basin [2] wherever its host species, including conifers Pinus sp. and Cedrus sp. as well as Larix decidua can be found [3] . In Greece, the moth can be found almost everywhere except parts of Central Greece and some islands of the Aegean Sea due to improper weather conditions or geographical isolation [3, 4] . However, exceptions lie in the southern parts of the country, for example on the island of Crete, where only the sister species Thaumetopoea wilkinsoni can be found [5] . As a defoliating insect the winter pine processionary is considered one of the major forest pests in this region [6] . Even though mature trees are seldom killed by this insect, significant increment losses in both volume and diameter can be observed [7] . Dermatological reactions including anaphylaxis can also be caused by urticating hairs released by 4 th and 5 th instar caterpillars [8, 9] .These conditions increase their susceptibility towards secondary pests like bark beetles [3] .
Phylogeography is an integrative field of study combining various disciplines which work together to analyze DNA and make interpretations according to historical events [10] . The field is commonly used to investigate genetic variation in populations [11] , for molecular dating of speciation events [12] , to describe patterns of migration [13] , as well as for the development of pest control management plans and actions [14] . One of the primary achievements of phylogeographic investigations is the determination of the glacial refugial areas that influenced the current distribution of genetic divergence among species [13, 15] . As species retreated in search of protection from the low temperatures encountered during repeated glacial cycles [16] , they became geographically isolated and began to diverge genetically [17] . Consequently, when increasing temperatures allowed the recolonisation of formerly snow-covered area of central and northern Europe, these previously-separated populations came into contact, resulting in the pattern of intraspecific genetic divergence [16] . Mountain ranges, large water bodies and other geographical barriers played additional significant roles by further inhibiting gene flow [18] . Particularly in Europe, the majorities of refugial areas were located in the south and included areas such as the Iberian Peninsula, Apennine Peninsula and the Balkans [16] . Additionally, northern refugia have recently been identified for temperate species as well [19, 20] . Growing evidence of fine-scale phylogeographic investigations have shown that Greece has had an important contribution to the emergence of intra-species diversity by hosting and sheltering populations during the glacial periods [21] .
To better understand and investigate the range expansions and possible control measures for a pest, a phylogenetic analysis can be used [22, 23] . This has already been done for parts of southern Europe like the Iberian Peninsula, France and Italy [22] , as well as for T. wilkinsoni in Turkey [24] . An analysis of populations in the glacial refuges in Greece, however, [16] , has yet to be undertaken.
Such a study could identify smaller refugial areas within the greater glacial refuge of Greece. Early studies have suggested that such a 'refugia within refugia' pattern may be found in the Iberian Peninsula [2, 25] , and may also be applicable in other southern European Pleistocene refuges [26] . Previous studies have already identified distinct clades in Greece, differentiating populations of the genus Orthometopon from continental Greece and the Aegean islands [27] and treating Central Greece as a glacial refuge for Cervus elaphus separated from other Balkan regions [28] . 
Methods
A total of 144 analyzed individuals were sampled in 15 locations throughout the years 2013 to 2014. The investigation area covered parts of Central Greece, Thessaly, Macedonia and Peloponnese, in addition to the islands of Lesvos and Evia, which served as separated landmasses to study the effect of separation by a large water body. Samples were stored in pure ethanol at -80°C until DNA extraction.
Extraction of DNA was conducted using the Mammalian Genomic DNA Miniprep Kit by SigmaAldrich and the PureLink Genomic DNA Mini Kit by Invitrogen following the manufacturers' instructions. For the polymerase chain reaction the primer pair Pat and Jerry [29] was used. The Master Mix for each sample (8 µl of DNA) contained 10.6 µl of double distilled water, 5 µl of Red Bioline buffer (provided with the Taq), 0.5 µl of primer Jerry, 0.5 µl of primer Pat and 0.4 µl of MyTaq (Red Bioline), adding up to a total of 25 µl. PCR procedure was as followed: 3 min of 94°C, followed by 40 cycles of 30 s at 94°C (denaturation), 30 s at 45°C (annealing) and 1.5 min at 72°C (extension). The final extension period was carried out at 72°C over the course of 7 min. Purification of PCR products was performed using the PureLink PCR Purification Kit (Invitrogen) following the manufacturer's protocol. Sequencing took place at CEMIA SA (Larissa, Greece) using an ABI 3730XL.
Chromas Lite was used to visualize the sequences which then were aligned and checked using Clustal X [30] .
After haplotype identification, Bayesian inference was calculated with MrBayes version 3.1.1 [31] using the nucleotide substitution model Hasegawa, Kishino and Yano (HKY) that had been recommended by MrModeltest version 2.1 [32] . 5,000,000 were set as the number of generations with a sampling frequency of 100 in a dual run. By calculating the standard deviation, the burning point was found after 1,000,000 generations which were then excluded from further analysis.
Tajima's D [33] , Fu and Li's F [34] statistics and a mismatch distribution were performed to provide evidence about recent population dynamics using MEGA 6 [35] . Furthermore, a Lineage through Time plot was performed with Beast [36] to investigate Thaumetopoea pityocampa's demographic history.
Using the program Arlequin version 3.5, an analysis of molecular variance (AMOVA) was performed to investigate the genetic variability within populations, among populations within groups, and among groups [37] . The different populations were sorted into 2 -4 groups, according to their geographical distribution.
Geographic distances of the sampling localities were estimated using Distance Calculator (www.http:// distancecalculator.globefeed.com/greece_distance_ calculator.asp) before calculating the Isolation by Distance through a Mantel test [38] with the Isolation by Distance Web Service ver. 3.23 [39] .
To determine the divergence times between the identified phylogenetic clades, the Mdiv software [40] was used. A Markov Chain Monte Carlo simulation of the coalescence process together with the HKY model without the assumption of only one mutation occurring at each site was used to engender maximum likelihood estimators for the demographic parameters θ (θ = 2N e μ), M (M = 2N e m) and T (T = tdiv/2N e ), with N e representing the female haploid effective size, μ the per locus mutation rate, m the migration rate, and t the number of years since divergence occurred. The first run was executed with both M and T set to 10, whereas during the second run M was set to 5 with T remaining at 10, but they both produced similar values. . Parameter T was transformed to the number of years since divergence tdiv according to the formula tdiv = T(θ)/2µ. µ was calculated under assuming of one generation of Thaumetopoea pityocampa per year and a divergence rate of 2% per million years [41] which results in µ being 7.31 × 10 -6 substitutions/site/year for a locus of 731 bp length.
A Nested Clade Analysis according to Templeton & Sing [42] was carried out using the GeoDis Software [43] to determine groups of haplotypes, so called "clades" that were then further analyzed with the software's Inference Key.
Results
In total, 144 sequences of 731 bp were aligned and 15 mitochondrial haplotypes were identified. Haplotypes were then deposited in NCBI GeneBank under the Accession Numbers KP676150-KP676164.
Bayesian Analyses showed that the majority of haplotypes were without significant structure and part of one great clade (clade 1) whereas the remaining haplotypes were sorted into 2 different clades (clade 2 and 3) that both were supported by high posterior probability values (> 0.74). Clade 1 consisted of haplotypes that could be found throughout every sampled location while the haplotypes forming clade 2 could only be found on the islands of Lesvos and Evia. Clade 3 was only present in the population of Edessa.
The Nested Clade Analysis carried out with GeoDis revealed "restricted gene flow/dispersal but with some long distance dispersal" as the cause of the current pattern found in the total cladogram. The main haplotype (haplotype 1) was shared by ca. 78% of the individuals and differed from all remaining haplotypes by 1 or 2 nodes.
Isolation by Distance revealed an existing correlation between genetic and geographic distance (R = 0.4 and p = 0.03).
Analysis of molecular variance (AMOVA) showed the best results for 2 groups of populations, separating Lesvos and Evia from the mainland. Recent population dynamics were identified through Tajima's D (D = -1.91804 and p < 0.05) and Fu and Li's F (F = -2.4625 and p < 0.05) statistics, which both showed negative values resulting from a large number of recent mutations, as well as a mismatch analysis and indicated a population expansion of Thaumetopoea pityocampa which was also confirmed by the Lineage through Time plot.
Mdiv analysis resulted in different divergence times between the three clades and showed that clade 1 and clade 2 diverged roughly 155,000 y.a. during the Riss Glacial Period that ended approximately 130,000 years ago. Clade 2 and clade 3 diverged ca. 55,000 years ago during the Würm Glacial that occurred some 45,000 years more after that. The most recent divergence took place between clade 1 and clade 3 some 5,800 years ago. 
Discussion
Being sensitive to low winter and high summer temperatures as well as largely depending on the availability of its host species [2] , the winter pine processionary moth Thaumetopoea pityocampa meets perfect conditions all over Greece. Lacking high mountain ranges that could pose a barrier because of the cold sensitiveness of this species, deserts that fail to provide adequate host species, and large water bodies between land masses sufficient in width to impede genetic exchange due to T. pityocampa's limited flight capacities, Greece does not possess a geographical structures that could spatially restrict gene flow. Nevertheless, it is evident that the country sheltered populations of various species during the glacial periods that differ from populations that can nowadays be found elsewhere [27, 28] . The findings in this study lead to the assumption that the different clades of T. pityocampa in Greece diverged at twice between 5,000 to 160,000 y.a. during the Pleistocene epoch.
The majority of the identified 15 haplotypes could only be found in one population and are therefore endemic (12 out of 15). Out of these 12, 8 haplotypes only occurred in one individual. 10 out of 15 sampled populations possessed 2 or more haplotypes.
The Nested Clade Analysis provides supporting evidence for this and suggests restricted gene flow/ dispersal (but with some long distance dispersal) as a possible reason for the present phylogenetic structure of Thaumetopoea pityocampa in Greece.
The Mdiv results show that the first divergence (between clade 1 and clade 2) occurred during the RissGlacial (ca. 200,000-130,000 years before present). The total cladogram of all haplotypes showed a star-shaped figure that is characteristic of a post-bottleneck expansion. This corresponds to the negative value results obtained from both the Fu and the Tajima statistics that indicated a recent population expansion, therefore indicating a lower amount of nucleotide diversity than would be expected. This is confirmed by the conducted mismatch distribution that shows a higher amount of pairwise differences for a lower number and a lower amount for a higher number than expected.
The Aegean Sea seems to have posed a gene flow barrier between Lesvos and the Greek mainland during recent times, evidenced by the exclusivity of haplotypes 10 and 11 to Lesvos. However, since the Aegean Sea between the island of Lesvos and the mainland of Turkey shows a depth of only 0-100 m, changes in sea level during the Pleistocene may have facilitated genetic exchange [44] . A previous study [5] found both main haplotypes in Lesvos and in the neighboring area of Bayramic, Cannakale, in Turkey. This underlines the possibility of certain Aegean islands being influenced by populations from the Turkish mainland rather than the Greek, especially the islands and mainland areas were connected during the last glacial drop in sea level [44] . Thaumetopoea pityocampa's glacial refuges have been identified as Italy, the Iberian Peninsula and the Balkans [5] . Greece may also have served as such a refuge, although there is no strong geographical barrier to limit gene flow within this region like the Alps in Italy or the Pyrenees in the Iberian Peninsula. Furthermore, since the distances between most of the islands and the mainland are rather short, there may be a regular genetic exchange that would make it difficult to find a strong divergence of lineages on most of the islands in the Aegean Sea. Using the NCBI GeneBank BLAST, it became evident that the common haplotype found in each Aegean population matches the main haplotype found in Eastern France and Italy [numbered end-note citation here]. This may likely be the main haplotype of Thaumetopoea pityocampa distributed throughout the Northern Mediterranean.
Compared to previous studies conducted on Greek populations, the results presented here show a higher number of haplotypes. This is likely due to the more numerous locations used as well as the number of samples collected. Outcomes from the study performed by Kerdelhué et al. in 2009 [5] were based on 93 individuals demonstrating 6 haplotypes in 11 populations (Crete, although included in the study, has been excluded due to its highly differentiated nature). Taking into account that the clades found in the previously mentioned study diverged much longer ago (ca. 2-7.5 million y.a.) than the ones found in the present study it is most likely that the large-scale divergences referring to species and larger areas took place a few million years ago and smaller, more regional/small-scale divergences have been continuing into more recent times. This also explains the comparably small number of 15 haplotypes found in 15 populations whereas studies carried out on larger areas in general find a higher number of haplotypes [2, 5, 24] .
Upcoming research should focus on the Aegean islands and processes leading to their colonization to further illustrate the history and the ancient geography of the Aegean Sea and its consequences for arthropod species. Papadopoulou et al. [41] investigated the influence of the mid-Aegean trench on darkling beetles (Tenebrionidae) across islands and found a great divergence between eastern and western specimens, something that could suggest further work on other insects in this area. Furthermore, with regard to the unique geographical conditions of Crete [5] , there might be similar findings on neighboring islands with a larger distance to the mainland like the nearby Karpathos or Kasos.
Future scenarios are most likely to predict a range expansion due to climate change as a driving factor by reducing the average winter temperatures and number of frost days which lead to a decreased mortality of caterpillars [5, 45, 46] . A case study in the Spanish Sierra Nevada shows an increased attack on relict Pinus sylvestris stands that had formerly been out of reach for the pine processionary moth because of their high growing altitude and low winter temperature [45] . However, laboratory tests show that the caterpillar can thrive on this pine species [45] despite being considered a secondary host [47] . Since Thaumetopoea pityocampa females commonly only live one night, migrating individuals are very likely to adjust their preferences in oviposition and therefore may accept secondary or novel hosts, depending on regional characteristics [47] .
Another cause for expansion could be humaninduced. Through the transplant of pine species in this area, pupae that are resting in the soil around the roots can easily be moved accidentally and introduced to areas that were formerly unknown to the species. This can also lead to distortions in this work and some of the haplotypes identified might not be native to their respective region but introduced through human aided long-distance dispersal.
As Thaumetopoea pityocampa represents one of the major forest pests in the Mediterranean basin with a risk of expanding its distribution northwards, it is important to know the details about this species and individually adapt the respective pest management control measures to effectively restrict a further expansion or outbreak. Different genetic patterns within an organism can result in a different ecology, and specimens can show different behavior that then determines the use and nature of control measures. A detailed genetic analysis like the one undertaken here can therefore be instrumental in determining control parameters [14] . Taking into consideration the separation of island populations demonstrated in the current work, a future study should focus on sampling additional populations of T. pityocampa from island areas as it seems that geographic isolation has significantly affected the patterns of the winter pine processionary moth in Greece.
